Plant steroid hormones, brassinosteroids (BRs), play important roles throughout plant growth and development. Plants defective in BR biosynthesis or perception display cell elongation defects and severe dwarfism. Two dwarf mutants named bin3 and bin5 with identical phenotypes to each other display some characteristics of BR mutants and are partially insensitive to exogenously applied BRs. In the dark, bin3 or bin5 seedlings are de-etiolated with short hypocotyls and open cotyledons. Light-grown mutant plants are dwarfs with short petioles, epinastic leaves, short inflorescence stems, and reduced apical dominance. We cloned BIN3 and BIN5 and show that BIN5 is one of three putative Arabidopsis SPO11 homologs (AtSPO11-3) that also shares significant homology to archaebacterial topoisomerase VI (TOP6) subunit A, whereas BIN3 represents a putative eukaryotic homolog of TOP6B. The pleiotropic dwarf phenotypes of bin5 establish that, unlike all of the other SPO11 homologs that are involved in meiosis, BIN5͞AtSPO11-3 plays a major role during somatic development. Furthermore, microarray analysis of the expression of about 5500 genes in bin3 or bin5 mutants indicates that about 321 genes are down-regulated in both of the mutants, including 18 of 30 BR-induced genes. These results suggest that BIN3 and BIN5 may constitute an Arabidopsis topoisomerase VI that modulates expression of many genes, including those regulated by BRs. P lant steroid hormones, called brassinosteroids (BRs), affect many growth and developmental processes such as stem elongation, leaf development, xylem differentiation, root growth inhibition, pollen tube growth, apical dominance, and senescence (1, 2). Mutants defective in BR synthesis or perception show pleiotropic dwarf phenotypes characterized by short hypocotyls, stems and petioles, dark green and epinastic leaves, and reduced apical dominance, senescence, and male sterility (3). Dark-grown BR mutant seedlings grow like light-grown plants with short hypocotyls and open cotyledons; these seedlings also misexpress light-regulated genes. BR-deficient mutants have allowed the identification of enzymes for the biosynthesis of brassinolide (BL), the most active BR (4, 5). A BR-insensitive locus BRI1 encodes a plasma membrane localized leucine-rich repeat (LRR) receptor serine͞threonine kinase, a critical component of a BL receptor (6-9). Genetic studies have also identified several genes implicated in BR signaling downstream from BRI1. A second BR-insensitive mutant, bin2, displays bri1-like dwarf phenotypes, and the semidominance of the mutation suggests that BIN2 is a negative regulator of the BR pathway (10). BIN2 encodes a serine͞threonine kinase with homology to GSK-3, a negative regulator in the Wnt signaling pathway of animal systems (11, 12) . Two homologous genes, BES1 and BZR1, were identified in genetic screens for bri1 suppressors and resistant mutants to a BR biosynthesis inhibitor brassinazole, respectively (13, 14) . Both BES1 and BZR1 accumulate in the nucleus in the presence of BL. Nuclearaccumulated BES1 appears to activate BR-target gene expression, whereas BZR1 seems to play a major role in the activation of a BR feedback inhibition pathway. In addition, BES1 is a substrate of the BIN2 kinase and BES1 protein levels are negatively regulated by BIN2 (14). These results establish a signaling cascade that transduces the BR signal from a cell surface receptor to nuclear target genes.
P
lant steroid hormones, called brassinosteroids (BRs), affect many growth and developmental processes such as stem elongation, leaf development, xylem differentiation, root growth inhibition, pollen tube growth, apical dominance, and senescence (1, 2) . Mutants defective in BR synthesis or perception show pleiotropic dwarf phenotypes characterized by short hypocotyls, stems and petioles, dark green and epinastic leaves, and reduced apical dominance, senescence, and male sterility (3) . Dark-grown BR mutant seedlings grow like light-grown plants with short hypocotyls and open cotyledons; these seedlings also misexpress light-regulated genes. BR-deficient mutants have allowed the identification of enzymes for the biosynthesis of brassinolide (BL), the most active BR (4, 5) . A BR-insensitive locus BRI1 encodes a plasma membrane localized leucine-rich repeat (LRR) receptor serine͞threonine kinase, a critical component of a BL receptor (6) (7) (8) (9) . Genetic studies have also identified several genes implicated in BR signaling downstream from BRI1. A second BR-insensitive mutant, bin2, displays bri1-like dwarf phenotypes, and the semidominance of the mutation suggests that BIN2 is a negative regulator of the BR pathway (10) . BIN2 encodes a serine͞threonine kinase with homology to GSK-3, a negative regulator in the Wnt signaling pathway of animal systems (11, 12) . Two homologous genes, BES1 and BZR1, were identified in genetic screens for bri1 suppressors and resistant mutants to a BR biosynthesis inhibitor brassinazole, respectively (13, 14) . Both BES1 and BZR1 accumulate in the nucleus in the presence of BL. Nuclearaccumulated BES1 appears to activate BR-target gene expression, whereas BZR1 seems to play a major role in the activation of a BR feedback inhibition pathway. In addition, BES1 is a substrate of the BIN2 kinase and BES1 protein levels are negatively regulated by BIN2 (14) . These results establish a signaling cascade that transduces the BR signal from a cell surface receptor to nuclear target genes.
Archaebacterial topoisomerase VI (TOP6) is a heterotetramer composed of two subunits, TOP6A and TOP6B (15) . The catalytic subunit TOP6A is a close homolog of the yeast SPO11 that was originally identified as an important component for meiotic recombination (16) . Consistent with its homology to a topoisomerase catalytic subunit, SPO11 was found to associate with and is likely to catalyze DNA double-strand breaks (DSBs) that are required for initiation of meiotic recombination (17) . Up to now, all characterized SPO11 homologs have been implicated in meiosis (16) . Mutations of SPO11 genes in fungi (18) , flies (mei-W68) (19) , nematodes (20) , and mice (21, 22) cause defects in meiotic recombination. Unlike other systems with only one SPO11 gene, Arabidopsis has three SPO11-like genes, AtSPO11-1, AtSPO11-2, and AtSPO11-3 (23) (24) (25) . Disruption of AtSPO11-1 causes severe meiotic phenotypes associated with drastic reduction (about 10-fold) in meiotic recombination (23) , suggesting that AtSPO11-1 is a SPO11 ortholog. Archaebacterial TOP6B is involved in ATP binding and hydrolysis (15) . With the exception of plants, there are no close TOP6B homologs in most eukaryotic systems (26) . Arabidopsis AtTOP6B was identified by its close homology to TOP6B and found to interact with AtSPO11-2 and AtSPO11-3, but not with AtSPO11-1 in yeast two-hybrid assays (25) . These results imply that AtSPO11-2 and AtSPO11-3 may form a complex with AtTop6B in vivo to constitute a TOP6-like activity. Although the high and ubiquitous expression patterns of AtSPO11-3 and AtTOP6B suggest possible involvement in somatic development (25) , the biological functions of AtSPO11-2, AtSPO11-3, and AtTOP6B remain uncharacterized.
In attempts to identify other components that either transmit or modify BR signaling, we isolated dwarf mutants with some characteristics of the BR-insensitive mutant bri1, and named them bin3, bin4, and bin5 (brassinosteroid insensitive 3, 4, and 5). Here, we report the cloning of BIN5 and BIN3 and show that these genes represent AtSPO11-3 and AtTOP6B, respectively. Gene expression studies indicate that many BR-regulated genes are down-regulated in bin3 and bin5 mutants, suggesting a role for BIN3 and BIN5 in regulating gene expression. This work establishes a previously uncharacterized function for a SPO11 homolog in Arabidopsis somatic development and provides genetic evidence that BIN5͞AtSPO11-3 and BIN3͞AtTOP6B may constitute a TOP6-like activity that is essential for plant growth and development. bin5 and bin3 Cloning. bin5 in Col-0 background was crossed to Landsberg-erecta (La-er) and F2 plants with bin5 phenotypes were used to map the mutation using molecular markers (27, 28) . bin5 was mapped to the top arm of chromosome V linked to the marker ctr1.2 (Fig. 3A) . Using about 2,000 recombinant chromosomes, the mutation was mapped to a region between markers derived from bacterial artificial chromosome (BAC) clones F26K7 and MOK16. Markers derived from BAC F17L14 and F9G14 further narrowed bin5 to a 46-kb fragment (from 34 to 80 kb) on BAC clone F9G14. BAC F9G14 was obtained from the Arabidopsis Biological Resource Center (ABRC, Columbus, OH) and BAC DNA was prepared using plasmid Midi Kit (Qiagen). Six DNA fragments (A-F) containing overlapping ORFs in the 46-kb region were generated by digestions of BAC DNA and cloned into the binary vector pZP211 (29) . The resulting constructs were put into Agrobacterium strain GV3101 and transformed into bin5 mutant plants by infiltration (30) . T1 seeds were screened on kanamycin plates to score for complementation of bin5 phenotypes.
Genomic DNA from young seedlings of bin3-2 was isolated according to protocols provided by Phytopure, Nucleon Biosciences (Glasgow, U.K.). Plasmid-rescue was carried out as described (31) .
Phylogenetic Tree Construction. Sequences were aligned using CLUSTALW (32) with subsequent manual alignment; nonconserved amino and carboxy-terminal extensions were removed before tree reconstruction. Maximum likelihood phylogenetic distances were estimated using TREE-PUZZLE 5.0 (33) and 100 bootstrap replicates were performed using PUZZLEBOOT (M. Holder and A. Roger, http:͞͞hades.biochem.dal.ca͞Rogerlab͞ Software͞software.html). Tree topology was estimated using the FITCH program from the PHYLIP package (J. Felsenstein, Phylogeny Inference Package Version 3.5c, Department of Genetics, University of Washington, Seattle). Similar topologies were obtained by using TREE-PUZZLE to estimate maximum likelihood trees and using PROTPARS from PHYLIP to estimate maximum parsimony trees. Northern Blotting and Microarray Analysis. RNA was isolated using TRIzol reagent according to the manufacturer's instructions (GIBCO͞BRL). Northern blotting was carried out using standard procedures. For microarray experiments, 14-day-old lightgrown seedlings were treated with 1 M BL or mock treatment and used to prepare RNA for microarray analysis according to manufacturer's instructions (Affymetrix, Santa Clara, CA). The scanned images were analyzed using AFFYMETRIX MICROARRAY SUITE 5.0. The expression levels (raw data) of 30 previously identified BL-induced genes (14) were examined in wild-type, bin3, and bin5 mutants (Table 1) . Mock treatments were used to identify genes down-regulated in the mutants. Genes that are down-regulated by at least 2-fold in both bin3 and bin5 compared with wild-type control were identified using GENESPRING 4.2 (Silicon Genetics, Redwood City, CA) and listed in Table 2 , which is published as supporting information on the PNAS web site, www.pnas.org.
Results
Genetic Screen for New BR-Insensitive Mutants. We identified three dwarf mutants-bin3, bin4, and bin5-that have identical phenotypes to each other and show reduced sensitivities to BL treatments. Two different alleles of bin3 were obtained, one from an ethyl methanesulfonate (EMS) pool (bin3-1) and another from T-DNA tagged transgenic lines (bin3-2). bin4 and bin5 were derived from T-DNA transformed plant lines, but neither line showed cosegregation of the bin phenotype with T-DNA (data not shown). Using mapping populations generated by crossing to La-er, bin3 was mapped to chromosome III while bin4 and bin5 were mapped to the middle (around 20 cM) and the top (around 7 cM) of chromosome V, respectively. bin3 and bin5 will be further described in this paper. Like bri1, bin3, and bin5 were de-etiolated in the dark with open cotyledons and short hypocotyls (Fig. 1A) and had inappropriate expression of light-regulated genes, such as CAB, RBCS, and psaA͞B (Fig. 1B) . The shorter hypocotyls were due to reduced cell elongation as revealed by the shorter cells in the mutants (Fig. 1C) . On average, bin3 and bin5 hypocotyl cells were 3-5 times shorter than those of wild-type controls. Light-grown bin3 and bin5 plants were cabbage-like dwarfs with reduced leaf petioles and epinastic leaves (Fig. 1D) . Mature plants were much reduced in stature when compared with wild type, with short and thin inflorescence stems, and reduced apical dominance and senescence (Fig. 1 E-G) . These characteristics are reminiscent of strong bri1 alleles (Fig. 1) . Despite these similarities, however, there were clear differences between bin3 or bin5 and bri1 phenotypes. In the dark, bin3 and bin5 had longer hypocotyls than bri1 ( Fig. 1 A) ; while in the light, the leaves of bin3 and bin5 were smaller than those of bri1 (Fig. 1D) . Unlike bri1, which is male-sterile, bin3 and bin5 were moderately fertile although both their flowers and siliques were smaller than wild-type controls ( Fig. 1 H and I) . The overall mutant phenotypes indicate that bin3 and bin5 are defective in cell elongation and the similar but not identical phenotypes between these mutants and bri1 suggest that BIN3 and BIN5 may affect downstream components of BR signaling. To test the involvement of BIN3 and BIN5 in BR signaling, the BL responses of the mutant plants were determined using a hypocotyl elongation assay in light-grown seedlings ( Fig. 2A) . While hypocotyl elongation in wild-type and BR-deficient det2 plants is stimulated by increasing concentrations of BL, this BL-induced hypocotyl growth was reduced in bin5, suggesting that BL-induced cell elongation is indeed impaired in the mutant. A weak allele of bri1 did not show any responses to BL, especially at lower concentrations (Fig. 2 A) . Similar BL responses were observed in bin3 (data not shown).
bri1, bin2, and a BR-deficient mutant sax1 are reported to be hypersensitive to ABA in root-growth assays (10, 34, 35) , suggesting an antagonistic interaction between BRs and ABA. The ABA responses in terms of root growth inhibition were measured in bin5, bri1, and wild-type plants (Fig. 2B) . Like bri1, bin5 had a hypersensitive response to ABA (about two orders of magnitude), further supporting that BIN5 and BIN3 affect a BR signaling pathway.
BIN5 and BIN3 Encode Putative Arabidopsis Topoisomerase VI Sub-
units A and B. BIN5 was cloned by chromosome walking (Fig. 3 A  and B) and was found to be one of the Arabidopsis SPO11 homologous genes, named AtSPO11-3 (23, 25) . The AtSPO11-3 gene contains two predicted exons and encodes a putative polypeptide of 426 aa with all of the conserved motifs proposed for the archaebacterial TOP6A (15) . In the bin5 mutant a single base pair addition in the second exon resulted in a truncated BIN5 protein lacking the last 81 aa (Fig. 3B) . Comparison of the SPO11 homologs indicated that BIN5͞AtSPO11-3, AtSPO11-2 and archaebacterial TOP6A are more closely related to each other than to other SPO11 homologs known to be involved in meiosis (Fig. 3B) .
T-DNA tagged bin3-1 was used to identify BIN3 by plasmid rescue (Fig. 3C) . The T-DNA was found inserted in the 6th exon of a putative AtTOP6B gene that encodes a predicted protein sharing significant homology to the archaebacterial TOP6B (25) . bin3-2, an ethyl methanesulfonate (EMS)-derived allele, was also sequenced and a single nucleotide change (G to A at ϩ 1866) at the splice junction of the 18th intron was identified. The bin3-2 mutation is predicted to disrupt the splicing of the last intron, resulting in an aberrant cDNA predicted to encode a truncated protein without 49 aa from the last exon but with 20 unrelated amino acid residues encoded by the unspliced intron sequence. The putative BIN3 protein contained the conserved motif B1 (for ATP hydrolysis) and motifs B2 and B3 (for ATP binding) proposed for TOP6B (15) , as well as a well conserved motif B4 with unknown function (25) .
BR-Induced Genes Are Down-Regulated in bin3 and bin5 Mutants. The similarities of the bin3 or bin5 phenotypes to those of bri1 led us to examine BR-regulated gene expression in these mutants to gain some clues about how BIN3 and BIN5 might affect BR signaling. Two Arabidopsis BR up-regulated genes, BEE1 and BEE2, were identified by a differential screening approach (D.F., T. Muramitsu, M. Furuya, and J.C., unpublished work). Basal expression of BEE1 and BEE2 were greatly reduced in bin3 and bin5 mutants and their induction by BL was also somewhat affected (Fig. 4) , suggesting that BIN3 and BIN5 modulate BR-regulated gene expression. To further confirm this obser- Fig. 3 . Identification of BIN5 and BIN3 genes. (A) bin5 chromosome walk. The bin5 mutation was mapped to a 46-kb region on BAC F9G14. Complementation constructs B and C, both containing ORF20, rescued the bin5 mutant phenotypes, indicating that ORF20 is mutated in bin5. (B) BIN5͞AtSPO11-3 gene and bin5 mutation. BIN5 was identified as AtSPO11-3, one of three Arabidopsis homologs of archaebacterial topoisomerase VI subunit A (Top6A) (23, 25) . BIN5 contains two exons and DNA sequencing of bin5 mutant DNA revealed a single base pair addition at nucleotide position ϩ1035 with respect to the putative translation start site (ccg agt gat to ccc gag tga t). A phylogenetic distance tree shows that BIN5 is most closely related to AtSPO11-2 and archaebacterial TOP6A than to nematode, mouse, fly, fungus, and yeast SPO11. Numbers in branch nodes indicate the number of times that the group of sequences to the right of the node occurred of 100 bootstrap replicates. Numbers are only given when 70 or more occurrences were observed. (C) BIN3͞AtTop6B gene and mutations. BIN3 was identified by plasmid rescue with a T-DNA-tagged allele, bin3-1. BIN3͞AtTOP6B gene contains 18 introns and 19 exons that encode a predicted polypeptide of 670 aa (25) . Phylogenetic distance tree shows relationship of BIN3͞AtTOP6B, archaebacterial TOP6B, and prokaryotic homologs of Aeropyrum pernix, Archaeoglobus fulgidus, Pyrococcus horikoshii, and Pyrococcus abyssi.
vation, we used microarray experiments to examine the expression of 30 known BR-induced genes (14) in bin3, bin5, and bri1 in the absence or presence of BL (Table 1) . Like BEE1 and BEE2, 18 of these 30 BR-regulated genes were down-regulated in bin3 and bin5 (by at least 2-fold in most cases; Table 1 ). The other BR-regulated genes did not change dramatically in bin3 and bin5 mutants (data not shown). Four of the 18 genes that were down-regulated in the mutants encode putative xyglucan endotransglycosylase (XET), xyglucan endo 1,4-␤-glucanase (EGase), and expansin (Table 1) , all of which are implicated in cell elongation or expansion (4, (36) (37) (38) . Interestingly, three of the BR-induced genes (SAUR-AC1, SAUR-AC1-like, and IAA19) are known to be regulated by auxin or have homologies to auxin-induced genes. It is worth noting that in addition to the BR regulated genes, another 303 genes were also downregulated in both bin3 and bin5 mutants (see Table 2 ), suggesting that BIN3͞BIN5 may affect the expression of a large number of genes.
Discussion
In attempts to isolate additional BR-insensitive mutants, we identified two mutants, bin3 and bin5, that have similar phenotypes to those of bri1 and show cell-elongation defects throughout plant development. Surprisingly, BIN5 and BIN3 encode AtSPO11-3 and AtTOP6B that share sequence identity to archaebacterial topoisomerase VI subunits A and B, respectively. We showed that BR-induced genes including those implicated in cell elongation are down-regulated in bin5 and bin3, providing an explanation for the dwarf phenotypes of these mutants. This work establishes that AtSPO11-3 and AtTOP6B play crucial roles in plant growth and development, including cell-elongation processes mediated by BRs.
Our results show that a SPO11-like gene can play a major role in somatic development. SPO11 had been implicated in catalyzing double-strand breaks (DSBs) necessary for homologous recombination and all of the genetically characterized SPO11 homologs in eukaryotes are involved in meiotic recombination (16) . One of the three Arabidopsis homologs, AtSPO11-1, like most other SPO11 genes, plays an important role during meiosis but does not play any roles in somatic cells (23) . In contrast, the strong and pleiotropic bin5 mutant phenotypes establish that BIN5͞AtSPO11-3 plays an essential role during somatic development. The facts that bin5 plants are fertile and no significant reduction in meiotic recombination was observed during bin5 chromosome walking (Fig. 3A) suggest that BIN5͞AtSPO11-3 does not play a major role in meiosis.
Our results also establish a biological function for AtTOP6B, a close homolog of archaebacterial TOP6B. Archaebacterial TOP6 was biochemically purified and the biological functions of the corresponding genes are not known (15) . The identical phenotypes of bin3 and bin5 and the identification of the same set of genes down-regulated in both mutants strongly suggest that BIN3͞AtTOP6B and BIN5͞AtSPO11-3 form a complex in plants constituting a TOP6-like activity that is essential for plant growth and development. Consistent with this, AtTOP6B interacts with AtSPO11-3 but not with AtSPO11-1 implicated in meiosis (25) . The fact that no TOP6B homologs have been found in other eukaryotic systems whose genomes contain a single SPO11 gene involved in meiosis (26) suggests that ATSPO11-3 is evolutionally diverged from other SPO11 homologs, and AtSPO11-3 and AtTOP6B have evolved to perform a different biological function in somatic development. There is no other AtTOP6B-related gene in Arabidopsis genome.
Despite extensive efforts, we have been unable to detect consistent topoisomerase II activities by using purified BIN3 and BIN5 recombinant proteins expressed in Escherichia coli (unpublished results). Yeast SPO11 appears to function in conjunc- Fig. 4 . Down-regulation of BR-regulated genes, BEE1 and BEE2, in bin3 and bin5 mutants. Two-week-old light-grown seedlings of wild-type, bin3, bin5, and bri1 were treated with 1 M BL for 0, 0.5, 2.5, and 8 h and 10 g of total RNA was used in Northern blots to examine induction of BEE1 and BEE2 genes.
tion with the Mre11-Rad50 complex to create DSBs (17), although no topoisomerase II or DNA cleavage activities have ever been directly demonstrated for any eukaryotic SPO11 homologs (16) . In Arabidopsis, TOP6 activity may require additional component(s) to BIN3 and BIN5 for activity. In light of this, the BR-insensitive dwarf mutant bin4 that has identical phenotypes to bin3 and bin5 may define such a missing component.
To explore the mechanisms of BIN3͞BIN5 gene function, we examined the chromosome ploidy levels from several cell types and found no differences between wild-type and mutant plants (J. Traas, H. Hofte, Y.Y., and J.C., unpublished results), suggesting that chromosome instability in somatic cells is an unlikely reason for the mutant phenotypes. Recent studies indicate that many factors involved in DNA replication, repair, and recombination are components of chromatin remodeling complexes and are involved in transcription regulation (39) . It is tempting to speculate that BIN5͞AtSPO11-3 and BIN3͞AtTOP6B may constitute some kind of chromatin-remodeling complex with other factors that are required for the expression of a large set of genes including those regulated by BRs.
Consistent with this idea, microarray experiments showed that 321 Arabidopsis genes (of 5,500 genes analyzed) are downregulated in both bin3 and bin5 mutant plants (see Table 2 ). Although many of the affected genes are probably due to secondary effects of the mutant phenotypes, at least some of them may be primary consequences of the mutations. Consistent with the similar mutant phenotypes between bin3, bin5, and bri1, many (18 of 30) BR-regulated genes are down-regulated in bin3 and bin5 mutants. The significance of the decreased BRregulated gene expression in the mutants is further supported by the predicted function of the target genes. The 18 BR-induced genes that are down-regulated in bin3 and bin5 include putative cell wall-modifying proteins such as xyloglucan endotransglycosylase (XET), xyloglucan endo 1,4-␤-glucanase (EGase), and expansin (Table 1; refs. 4, 36, and 37). XETs catalyze the cleavage and rejoining of the cell wall component xyloglucan and are involved in BL-induced cell elongation (38) . Mutation of the KORRIGAN (KOR) gene encoding a putative EGase results in dwarf plants with defects in cell elongation and changes in cell wall composition (40) . Our observations are consistent with the idea that BRs may regulate genes for cell wall-modifying enzymes, thereby regulating cell elongation. The down-regulation of these BR-regulated genes in bin3 and bin5 mutants provides a possible explanation for the similar dwarf phenotypes of bin3 and bin5 with those of bri1. It is surprising that several BR up-regulated genes have homology to auxin-regulated genes, including SAUR-AC1 that is known to be an early auxin-induced gene (41) . It is known that BL and auxin act synergistically to regulate cell elongation (1) . The induction of these genes by BL and auxin provides a potential mechanism for the interaction of these two plant hormones in regulating cell elongation.
In conclusion, the availability of the bin3 and bin5 mutants and cloning of the corresponding genes provide useful tools to characterize the enzyme activities of these unique genes in a eukaryotic system, to elucidate the molecular mechanisms of the gene functions in plant growth and development, and to understand their roles in modifying BR-regulated gene expression.
